The intrinsic fluorescence of recombinant proteins offers a powerful tool to detect and characterize structural changes induced by chemical or biological stimuli. We show that metal-ion binding to a hexahistidine tail can significantly broaden the range of such structurally sensitive fluorescence observables. Bipositive metal-ions as Cu 2+ , Ni 2+ and Zn 2+ bind 6xHis-tag azurin and its 6xHis-tagged R129W and W48A-R129W mutants with good efficiency and, thereby, quench their intrinsic fluorescence. Due to a much more favourable spectral overlap, the 6xHis-tag/Cu 2+ complex(es) are the most efficient quenchers of both W48 and W129
Introduction
Intrinsic protein fluorescence represents a rich source of structural information [1] [2] [3] . It can provide a number of structure-related observables to be exploited in label-free fluorescence experiments on recombinant proteins, thus avoiding the problems associated with extrinsic fluorescent probes [1, 4] . Changes in the structural determinants of the tryptophan (more rarely tyrosine) fluorescence properties, i. e., spectra, intensities, lifetimes and anisotropies, can result from binding of a protein to small ligands or to biological macromolecules, proteins or nucleic acids in, e. g., drug/target interaction studies or model experiments aimed at unraveling the biological interactors of a key protein. Such structural changes can be monitored in in-vitro experiments and can be identified if the observed changes in the overall fluorescence response of the recombinant protein can be assigned to specific tryptophan residues [2, 3] . Among the processes modulated by the protein structural changes, electron and energy transfers, with their high sensitivity to the distance between the partners, are often involved. However, while electron transfer is a short-distance, few Angström phenomenon, Förster-type energy transfer can occur over few nanometers. Thus, it offers a larger spectrum of structurerelated energy-transfer efficiencies that can be exploited to deduce structural information [1] . On the other hand, because tryptophan is the lowest excitationenergy chromophore in proteins, energy transfer from tryptophan residues requires introduction of external quenchers. In this contribution, we propose to take advantage of the widespread attachment of polyhistidine tags to recombinant proteins for purification purposes to easily increase the number of tryptophan quenching paths in a protein of interest. We show that this is readily achieved in three engineered his-tagged azurins by complexation of several bipositive metal ions at a 6xHis-tag.
Azurin is a small blue copper protein that acts as an electron carrier in a variety of denitrifying bacteria [5] . Recombinant wild type azurin consists of 148 aminoacids, 20 of which forming the signal peptide sequence, with a single tryptophan residue (Trp48), whose indole sidechain lies buried inside the protein hydrophobic core (Figure 1 ). Hence, upon excitation at 280-300 nm, the protein features a structured 1 L b fluorescence emission spectrum with a maximum at 306-308 nm, which is typical of the emission of an indole ring surrounded by a non-polar environment ( [1] and references therein). The type-1 (T1) copper ion of the holoprotein has a marked quenching effect on the emission of the buried tryptophan residue, since the emission quantum yield of the apoprotein is more than five times larger than that of the WT protein [6] [7] [8] ). Timeresolved emission decay analyses of azurin have found one [7, 9, 10] or two [11] [12] [13] short lived decay components, with lifetimes usually around 0.1-0.2 ns, though a 0.5-0.6 ns component has been reported [11, 13] . Additionally, a 4.5-4.9 ns component is usually found with fractional contribution changing from work to work. The origin of the short-lived component(s), and the related observation of a surviving longer-lived one, have been the subject of a still unsettled debate. The short-lived component has been connected with the existence of a conformation of the enzyme in which Trp48 is quenched by the T1-site copper ion. Based on spectroscopic and XRD structural data, this quenching has been attributed either to energy transfer mediated by copper-histidine charge-transfer states responsible for transitions with significant oscillator strength and spectral overlap with the Trp48 emission band, or to electron transfer [9] . From the decay analysis of apoazurin, a single component with a 4.7-5.1 ns lifetime [13] , the efficiency of the quenching process yielding this short-lived component is about 0.96. A first hint at the complexity of the problem is provided by the observation that the ratio of the long-to-short lifetimes, about 20-30, is much larger than the above given ratio of the emission quantum yields of the apo-and holoazurins, i. e., 5-6. The surviving ∼ 4.7 ns component has been attributed to a fraction of apoprotein [9] . However, an azurin featuring a 4.5 ns lifetime has been later shown to differ from the apoprotein in terms of structural resistance to a chaotropic agent [10] , thus indicating the existence of a conformation of holoazurin in which the Trp48 emission is not strongly quenched by the T1-copper ion complex. These studies highlight the conformational heterogeneity of this protein.
Histidine and proteins containing histidine-rich domains play a critical role in many life functions such as copper transportation in both prokaryote and eukaryote organisms. Hence, the increased interest in the understanding of the binding mode(s) and of the thermodynamic properties of physiological metal(II)-histidine species [14, 15] . A useful tool for mimicking these histidineand polyhistidine-metal complexes in vitro are N-or C-terminal hexa-histidine tags (6xHis-tags) fused to recombinant proteins [16, 17] . These systems owe their popularity to their special metal-ion binding properties and their ability to avoid interference with protein folding and biological functionality of the proteins [16, 17] . Because of the widespread use of His-tags for protein purification, extensive studies have been performed on copper, zinc, and nickel ion binding to His-containing model peptides. These revealed that bipositive metal ions most likely bind two non-consecutive imidazoles and a pH-dependent number of amide nitrogens [15, 18] . Moreover, experimental and computational studies suggest the existence of polymorphic binding states for the complexes formed by
Cu
2+ with the Ac-(His) 6 -NH 2 peptide, as the metal ion can bind the imidazole sidechains of various pairs of histidines with different efficiencies [15] . However, little is known about the metal-ion binding properties of protein-bound His-tag domains. This work aims at showing that modulation of intrinsic tryptophan fluorescence properties of His-tagged azurins can be achieved by transition metal-ion, especially Cu 2+ , binding at fused polyhistidine tags, thus broadening the range of fluorometric observables from which structurally relevant information can be deduced. We have characterized the efficiency of the 6xHis-tag fused to the Cterminal of the three azurins to chelate copper and other transition metal ions, an essential property for a model of physiological histidine-transition metal complexes. Additionally, because of the known ability of azurin to cross the cellular membrane [19] , these azurin 6xHis-tag systems might be adapted to become efficient and versatile physiological metal-ion carriers.
Experimental

Protein production and isolation
Pseudomonas aeruginosa WT azurin containing a C-terminal six-residue-long polyhistidine-tag (6xHis-tag) was produced and purified following the procedure described elsewhere [20] . The QuikChange XL site-directed mutagenesis kit (Agilent Technologies) was used for the Arg to Trp substitution in position 129 and for the further Trp to Ala mutation of residue 48, starting from the synthetic oligonucleotide primers carrying the desired mutations, namely: R129WF: 5'-accctgaccctgaagtggatccatcaccatcac-3' R129WR: 5'-tgatggtgatggatccacttcagggtca gggt-3'; W48AF: 5'-gtcatgggccacaacgcggtactgagcaccgcc-'3 and W48AR: 5'-ggcggtgc tcagtaccgcgttgtggcccatgac-'3. The p3AZU-PAOH plasmid that expresses the wt azurin fused to a C-terminal six-residues-polyhistidine-tag (6xHis-tag) [20] was used as a template in the production of the W48A/R129W mutant as reported above.
The WTAzu, R129WAzu and W48A/R129WAzu variants were expressed in E. coli DH5 cells using LB medium containing 1 mM CuCl 2 . The expression was induced by addition of 0.5 mM IPTG. The periplasmic fraction containing azurin was prepared following published procedures [21] . The proteins were purified using metal affinity chromatography (HisTrap, Amersham Biosciences), concentrated up to 10 −4 M and stored in 50 mM sodium acetate, pH 5.
UV-vis and fluorometric experiments
Absorption spectra were recorded with a JASCO UV-Vis spectrophotometer equipped with a 1 cm quartz cell. Steady-state fluorescence measurements were carried out with a JASCO FP 6200 or a Horiba Jobin-Yvon FluoroMax3 spectrofluorometers. The excitation and emission spectra were corrected for the lamp emission spectrum and the detector response spectral sensitivities. In order to minimize protein aggregation and inner-filter effects, protein concentrations were kept lower than 3 μM (absorbances at 280 nm were lower than 0.1). Measurements were performed in 10 mM HEPES buffer and 50 mM NaCl at pH 6.8. For the determination of the emission quantum yields, the WT protein, ( f = 0.054, the mean of the two reported quantum yield values, 0.052 [7] and 0.056 [11] ) was used as the reference for the buried tryptophan emission, while d-tryptophan in water ( f = 0.13 [1] ) was the standard for the exposed tryptophan emission. The latter also served for the determination of the W48A/R129W protein emission quantum yield.
Fluorescence time-resolved measurements
Fluorescence decays were measured with a Horiba FluoroMax4 equipment, employing a 295 nm LED excitation source. The instrument response function was approximately 1 ns and was reduced to about 0.1 ns after deconvolution. The peak channel in the decays contained 10
4 counts and at least two decays were measured at each emission wavelength. Fluorescence decays were fit to a sum of exponentials, and an adequate fit had a 2 between 1.00 and 1.20. The smallest number of components that provided an acceptable fit was used. The complex emission decay profiles of the two-tryptophan R129W azurin were analyzed with guidance from the single-tryptophan protein results, using some of their characteristic lifetimes as fixed parameters in 4 or 5 exponential fittings. Measurements were carried out at 22 ± 2 ∘ C on protein samples all characterized by an absorbance of 0.1 over a 1 cm pathlength at 280 nm. For a given component, under the assumption that its fractional contribution, , was wavelength independent across the emission spectrum, we estimated the radiative and the radiationless decay rate constants, r and nr , as r = f / and nr = (1− f )/ , where f is the overall emission quantum yield and the specific lifetime.
Fluorometric analysis of metal ion/azurin his-tag binding equilibrium
The affinity constants of WT, R129W and W48A/R129W His-tagged azurins for transition metal ions (Cu
, and Cr 3+ ) were determined by titrating known amounts of the oxidized proteins (sample volume: 2.0 mL, protein concentration: 3.0 × 10 −6 M) in 10 mM Hepes buffer containing 50 mM NaCl, at pH = 6.8, with metal ion solutions of known concentrations prepared in the same buffer. We followed the changes induced in the emission spectra of the protein tryptophans upon 290 nm excitation. To make sure we were measuring equilibrium intensity values, we either repeated each measurement more times until a stable value was obtained, or interrupted the titration and checked that the last value was re-obtained one or two hours later or, finally, checked that the results of the titration did not significantly change if consecutive metal-ion additions were separated by different time intervals.
The measured fluorescence intensities at 310 and 350 nm were corrected for the increase in absorbance at these wavelengths due to the added metal ion, as
Here, meas is the measured intensity, 290 the increase in absorbance at the excitation wavelength, 290 nm, due to the metal ion added, and em the corresponding increase in absorbance at the emission wavelength, 310 or 350 nm. These corrections account for the decrease in intensity of the exciting beam and the reabsorption of the emitted light due to the added metal ions, both approximately described in terms of a 0.5 cm path.
Under the assumption of a 1 : 1 metal/6xHis-tag binding stoichiometry, the dissociation constant of the metal-protein adducts, d , were determined by fitting the observed changes in protein emission intensity, , as a function of metal-ion concentration, [ ], with Equation (1)
where 0 and ∞ are the protein emission intensities in the absence of metal ion and at saturation of the 6xHis-tag (see the supplementary material for a derivation of Equation (1)).
Results and discussion
Steady-state fluorescence properties of Trp48 and Trp129
We have studied the influence that binding of Cu 2+ , Ni 2+ , Zn 2+ and Cr 3+ ions to a C-terminal 6xHis-tag exerts on steady-state and time-resolved intrinsic fluorescence of wild type Pseudomonas aeruginosa azurin, as well as that of its R129W and W48A/R129W variants. In the former mutant, a second tryptophan (Trp129), introduced just before the beginning of the 6xHis-tag, increases the variety of the fluorescence observables and the sensitivity of the fluorometric detection of metal-ion binding by providing an additional energy-transfer donor for the His-tag/metal ion complexes ( Figure 1 ). The double mutant W48A/R129W allows the individual fluorescence properties of Trp129 to be investigated and characterized without interference from Trp48, and offers an additional model putatively characterized by high fluorescence sensitivity to metal-ion binding to the nearby 6xHis-tag. The fluorescence excitation and emission spectra of the single-tryptophan azurins, WT and the W48A/R129W mutant, and of the two-tryptophan R129W variant, are collected in Figure 2 . The emission and excitation spectra of the R129W protein depend on the excitation and emission wavelengths, respectively, In order to evaluate the quantum yields of the two tryptophans in the R129W variant, we determined their individual absorption and emission spectra. The emission spectrum of the exposed tryptophan was obtained from the total emission spectrum of the R129W protein after subtraction of the WT azurin emission spectrum, multiplied by a numerical factor, determined by trial and error, such that the resulting difference would show no recollection of the vibronic structure of the WT spectrum. An example of this procedure is shown in Figure S1 , in the supplementary material. The Trp129 spectrum of the two-tryptophan protein thus obtained is very similar to the emission spectrum of the Trp129 in the single-tryptophan W48A/R129W variant, shown as a dotted line in Figure 2 . The latter includes an unstructured, broad emission with maximum around 300 nm, likely due to tyrosine emission unquenched by the peripheral Trp129. The relative absorptions of the two tryptophan residues were obtained by fitting the higherwavelength portion of the absorption band of the R129W mutant as the sum of properly scaled excitation spectra of the single-tryptophan WT protein and of the two-tryptophan R129W protein measured at em = 350 nm, a wavelength at which emission is almost completely due to the exposed tryptophan. The individual spectra thus obtained were employed to determine the emission quantum yields of the two tryptophans of R129W. The absorption spectra provided the fractions of incident photons absorbed by each residue at the wavelength of the experiment. The results (Table 1) indicate that the emission quantum yield of the buried tryptophan residue of R129W coincides with that of the WT azurin tryptophan (0.052 [7] , 0.056 [11] ) within our experimental error. As for the exposed Trp129, its quantum yields in R129W and W48A/R129W are very similar to each other and about 1.5 times larger than that of the buried, Trp48 residue. The latter finding represents a starting advantage in view of obtaining well measurable fluorescence quenching following metal-ion binding. Overall, these results imply a negligible quenching of the buried Trp48 emission by the exposed Trp129.
Time-resolved intrinsic fluorescence properties
Time-resolved experiments yielded a two-component emission decay from the buried Trp48 of the WT protein, with lifetimes around 0.2 and 4.6 ns ( Figure 3 and Table S1 in the supplementary material), consistent with published data for the same protein ( [10, 13] and references therein). From the fractional contributions of the two components, 1,2 , and the quantum yields, f , and lifetimes, 1 , reported in Tables 1 and S1 and in Figure 3 , we obtain r1 = 1.0(±0.5) × 10 Whether we assume the unquenched Trp48 lifetime to correspond to our longer-lived component [9] , or we take it equal to the average of the (Table S1) , and must result from a yet unidentified high-efficiency (0.92) quenching of Trp129. The emission decay of the two-tryptophan mutant, R129W, is an emissionwavelength-dependent superposition of the decays of the two single-tryptophan protein emission decays. Consistently with residue exposition and the steadystate emission spectra in Figure 2 , the Trp48, 4.7 ns component features higher fractional contributions at 320 and 330 nm, while the Trp129, 1.7 ns component of the decay shows higher contributions at longer emission wavelengths. The excellent fits of the complex decays of this protein obtained by employing some of the lifetimes of the single-tryptophan proteins as fixed parameters confirms the lack of interaction between the two tryptophans already suggested by the close similarity of the Trp48 emission quantum yields in WT and R129W azurins.
Metal-ion binding to the 6xHis-tagged azurins
UV-visible spectra
The UV-visible absorption spectra of WT, R129W and W48A/R129W His-tagged azurins feature two main peaks located at 280 and 628 nm, typical of azurin [5] .
The former is the classical aromatic band of proteins, while the latter is typical of a type-1 blue copper protein and is assigned to the LMCT transition (S(Cys − ) → Cu(II) dx2−y2 ), involving the copper atom of the active site and Cys112 [24, 25] . The effect of Cu 2+ , Ni 2+ , Zn 2+ and Cr 3+ binding to the C-terminal 6xHis-tag on the UV-vis absorption spectra of WT, R129W and W48A/R129W azurins was analyzed by recording the UV-vis spectra of the two proteins in the presence of increasing concentrations of the metal ions, up to a 15 : 1 metal ion/protein concentration ratio. The spectra between 240 and 420 nm of R129W azurin in the presence of some of the metal ions are reported in Figure 2 . The band at 628 nm, due to the copper ion of the protein active site, did not change, demonstrating that the T1 copper site was unaffected by metal binding to the Cterminal 6xHis-tag (data not shown). Notably, following addition of Cu 2+ ions, the spectrum showed an absorption increase in the 300-350 nm region, which has been previously observed for hexapeptide/Cu 2+ complexes [15, 26] and for various blue oxidases containing a type 3 copper center [27] [28] [29] . In all cases, the copper ion was coordinated by the imidazole rings of two or three histidines while the remaining coordinating positions were free or occupied by solvent molecules.
N im → Cu(II) CT transitions can appear between 220-270 nm and 320-350 nm, and the N − → Cu(II) transition can appear in the range 290-320 nm [15] . Therefore, the overall higher absorption in the 300-350 nm region for the Cu 2+ -W48A/R129W azurin complex shown in Figure 2 confirms the binding of the copper ion to the 6xHis-tag.
Steady-state fluorescence
To investigate the changes in steady-state fluorescence intensity following metalion binding, the fluorescence spectra of WT, and W48A/R129W azurins engineered with the 6xHis-tag were measured in the presence of increasing concentrations of Cu 2+ , Ni 2+ , Zn 2+ and Cr 3+ . At pH 6.8, the imidazole groups of the His-tag are largely deprotonated and are therefore able to coordinate the metal ions in solution [15, 26, 30, 31] , thus preventing precipitation of the corresponding hydroxides. Both the emission intensities of the buried Trp48 (Figure 4a ) and of the exposed Trp129 in the R129W protein ( Figure 4b ) and in the W48A/R129W double mutant ( Figure 4c ) decrease with increasing metal-ion concentration. No significant changes in shape or position are observed in the first two cases, while in the latter the already noticed unquenched tyrosine emission, with maximum around 305 nm, becomes dominant at large metal-ion concentrations. The normalized emission intensities of the mutant R129W azurin at 310 and at 350 nm are shown as functions of metal ion concentration in Figure 5 . The emission intensities for the WT protein (at 310 nm) and the W48A/R129W mutant (at 350 nm) follow similar trends and are not reported.
The observed, sometimes extremely marked quenching cannot be due to radiative energy transfer, i. e., reabsorption of emitted fluorescence by the quencher, because of the extremely low absorbances of the His-tag/metal ion complexes in Fluorescence intensity (a.u.) Spectra were recorded at 293 K and at pH 6.8 using 3.0 × 10 −6 M protein samples. The emission spectra of the Trp129 in the R129W mutant were obtained by subtracting the emission spectra of the WT protein from the total emission spectra of the mutant as reported in the text. exc = 295 nm.
the spectral region of the tryptophan emission (see Figure 2) . Thus, non-radiative processes are responsible for the observed quenching. The metal-ion-induced quenching percentages at 22 μM metal-ion concentrations (Table 3) show similar results for a given tryptophan residue in the two azurins that contain it. Cu
2+
binding causes a more pronounced quenching of Trp129, 70-80%, than of Trp48, 40-50%, likely because of a larger distance of the latter donor from the 6xHis-tag/Cu 2+ complex acceptor. All other ions cause a lower and similar quenching of the two tryptophans, 15-30%. Cr 3+ is likely a better quencher than Ni 2+ and Zn 2+ because, at an added metal ion concentration 22 μM, its quenching efficiency is similar to the quenching efficiencies of these bipositive ions while, due to a markedly lower affinity for 6xHis-tagged azurins (see below), its titration is quite far from the endpoint. The higher quenching ability of the copper ion relative to the other bipositive metal ions correlates with the stronger absorption increase in the tryptophan emission region, 300-350 nm, due to the 6xHis-tag/Cu 2+ complex formation (Figure 2) , and likely results from a more favorable spectral overlap factor. 
Metal ion-6xHis-tag azurin affinities
The affinity constants ( ) of Cu 2+ , Ni 2+ , Zn 2+ and Cr 3+ for the three His-tagged proteins (Table 4) were determined by fitting the available steady-state fluorescence data to Equation (1 These results are consistent with the similar extractability data for Cu 2+ , Ni
2+
and Zn 2+ ions by an alkylhistidine at pH 6.8 [35] , and with the low efficiency of histidine with respect to other chelating agents to mobilize Cr 3+ from a contaminated soil [36, 37] . The intermediate hard-soft base properties of imidazole correlates with its efficiency in coordinating metal ions with different hard-soft characteristics. Moreover, the 6xHis-tag, with its high number of metal-binding residues, turns out to be an extremely flexible chelating ligand able to coordinate metal ions with different dimensions and coordination geometries [15, 35] .
Time-resolved fluorescence
Time-resolved measurements provide additional information on the effect of bound Cu 2+ ion on the Trp48 and the Trp129 emissions ( Table 2 ). Quenching of the Trp48 emission is immediately apparent from a comparison of the amplitudeweighted lifetimes of WT azurin in the presence and absence of the added copper ion, 0.5(±0.1) vs 2.5(±0.4) ns (Table S1 ). .
We assign these similar, low 10 8 s −1 quenching rate constants to energy transfer across the protein, from Trp48 to the 6xHis-tag-Cu 2+ complex and from Trp129 to the T1-Cu 2+ complex (Figure 1 ). assuming it resulted from quenching of, respectively, the 1.7 or 3.7 ns lifetimes of the double mutant ( Table 2 Like with the 4.6 ns component of the WT azurin decay, we employ the amplitudes at = 0 of the 3.7 ns component of the R129W/Trp129 azurin decay, 0.011 and 0.0024, and the acquisition time ratio, 1.9, to estimate the ratio of the concentrations of copper-free 6xHis-tags without and with added copper, CR 0 ∼ 9, and the Cu 2+ ion binding equilibrium constant, ∼ 1.6 × 10 5 M −1 . This is identical to the equilibrium constant estimated for Cu 2+ ion binding to the 6xHis-tag WT azurin.
As a consequence of Cu 2+ ion binding, the two-tryptophan R129W azurin mutant exhibits a decrease in the amplitude-weighted lifetime that somewhat depends on the emission wavelength, as expected for a decay resulting from two independent fluorophores with different emission spectra. complexes (HT-Cu) and their structural significance are summarized in the lower rows of Table 2 and are depicted in Figure 1 . . If combined with the known ability of azurin to cross cellular membranes, this observation suggests 6xHis-tagged azurins to be employed as reversibly-bound carriers of metal ions in physiological conditions. To this aim, improvement of coordination selectivity versus bipositive metal ions might be recovered by changing the composition of the His-tag, as its metal-binding properties change with the number of histidine residues and their spacing [34] . On the other hand, metal-ion signal selectivity, already achieved for Cu 2+ in the present work, might be more finely and specifically modulated by careful analysis of donor/acceptor spectral overlap. In particular, given the absorption spectrum of a specific metal-ion/6xHis-tag complex, a fluorophore featuring an emission spectrum more specifically matching that absorption might be chemically tagged to a His-tag-fused azurin. We are presently considering such an extension of this introductory work. Overall, using these his-tagged azurins as a test case, we have shown that bipositive metal ions bound at a suitable polyhistidine tail can be efficient tryptophan emission quenchers. Insertion of an additional tryptophan residue near the polyhistidine tag has added new, spectroscopically distinguishable fluorescence observables. This new machinery, extended to any protein of interest, can be employed in in-vitro label-free experiments aiming at characterizing the interactions of this protein with small ligands or a biological macromolecule. It enables a broadening of the range of fluorometric observables and thereby offers additional experimental opportunities to monitor structural changes involving protein regions containing the signaling tryptophan(s) or the terminal polyhistidine region. Furthermore, definition of a tryptophan-to-metal ion/His complex energy transfer path network lays the basis to identify such structural changes. demonstration under the grant agreement n°603240 (NMTrypI -New Medicine for Trypanosomatidic Infections), http://www.nmtrypi.eu/.
Summary and concluding remarks
